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Adeno-aasodaf ed vim 9 type 2 (AAV2) has proven to be a valuable vector for gene therapy. Character ba tiro 
of the functional domains of the AAV capsid proteins can facilitate our understanding of viral titsne tropiam, 
rmmunoreacttvity, viral entry, and DMA packaging, alt of which are important issues for generating improved 
vectors. To obtain a comprehensive generic map of the AAV capsid gene, we nave constructed 93 mutants at 59 
different positions In the AAV capsid gene by site-directed mutagenesis. Several types of mutants were studied, 
including epitope tag or ligand Insertion mutants, alanine scanning mutants, and epitope substitution mu- 
tants. Analysis of these mutants revealed eight separate pheno types. Infectious titers of the mutants revealed 
four classes. Class 1 mutants were viable, class 2 mutants were partially defective, class J mutants were 
temperature sensitive, and class 4 mutants were noninfectious. Further analysis revealed some of the defects 
in the class 2, 3, and 4 mutants. Among the class 4 mutants, a subset completely a bob shed capsid formation. 
These mntants were located predominantly, but not exclusively, In what are likely to be p-barreJ structures fa 
the capsid protein VP3. Two of these mntants were insertions at the N and C termini of VP3, suggesting that 
both ends of VP3 play a role that is Important Cor capsid assembly or stability. Several class 2 and 3 mutants 
produced capsids that were unstable during purification of viral particles. One mutant, R432A, made only 
empty capsids, presumably doe to a defied in packaging viral DNA. Additionally, five mutants were defective 
In heparan binding, a step that is beHeved to be essential for viral entry. These were distributed Into two amino 
add clusters in what is nicer/ to he a cell snrrace loop in the capsid protein VP3. The first cluster spanned 
amino adds 509 to 522; the second was between amino acids 561 and 591. In addition to the heparan binding 
dusters, hemagglnrinin epitope tag insertions Identified several other regions that were on the surface of the 
capsid* These included Insertions at amino adds h 34, 13S, 266, 447, 591, and 664. Positions 1 and 138 were 
the N termini of VP1 and VP2, respectively; position 34 was exclusively in VP1; the remaining surface positions 
were located ia putative loop regions of VF3, The remaining mutants, most of them partially defective, were 
presumably defective in steps of viral entry that were not tested In the preliminary screening; mdudlag 
Intracellular trafficking, viral un coating, or corcceptor binding. Finally, In vitro experiments showed that 
Insertion of the serptn receptor ligand In the N-tennlnnl regions of VP I or VF2 can change the tropism of AAV* 
Our results provide information on AAV capsid functional domains and are useful for future design of AAV 
vectors for targeting of specific tissues. 



Adeno-assodatcd vims type 2 (AAVZ) belongs to the human 
parvovirus family, which requires a helper virus for productive 
replication (5, 7, &). The nonenveloped capsid adopts an icosahe- 
dral structure with a diameter of approximately 20 nm. Packaged 
within the capsid is a single-stranded DNA genome of 4.7 kb that 
contains two large open reading frames (ORFfc), rep and cap (33). 
Three structural proteins, designated VP1, VP2, and VP3, are 
encoded in the cap ORF and made from the p40 promoter by use 
of alternative splicing and alternative start codons. The three 
proteins share the same ORF and end at the same stop oodon. 
The C-terminal regions common to all three capsid proteins fold 
into a p-barrel structure that is present in several viruses (31), 
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Their molecular masses are 87, 73, and 62 kDa, and their relative 
abundances within the capsid are approximately 5, 5, and 90%, 
respectively (26). Recently, AAV has attracted a significant 
amount of interest as a vector for gene therapy (6, 26). It has a 
number of unique advantages that are potentially useful for gene 
therapy application*, including the ability to tnfect notxUvicring 
cells, a lack of pathogerocity, and the ability to establish long-term 
gene expression. 

Early genetic studies on deletion mutants of AAV revealed 
that capsid proteins were required for accumulation of single- 
Stranded DNA and production of infectious particles (19, 38). 
Mutations in the C-terminal region common to all three pro- 
teins also abolished virion formation and failed to accumulate 
single-stranded DNA (32). VP1 was thought to be important 
for virus infectJvity or stability because mutations in the N- 
terminal region unique to VP1 produced DNA -con mining par- 
ticles with significantly reduced infectivity (10, 38). In vitro 
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assembly studies (33) and caps Id initiation codon mutagenesis 
studies (25) suggested that both VP2 and VP3 were required 
for capsid formation and production of infectious particles, 
and cither VP1 or VP2 was required for nuclear localization of 
VP3. Recently, Hoque ct aL (19b) have shown that the VP2 
N -terminal residues 29 to 34 are sufficient for nuclear translo- 
cation and suggested that the major function of VP2 b to 
translocate VPS into the nucleus. A recent insertkmal muta- 
tion study on AAV capsid protein revealed that mutations in 
the capsid gene could affect AAV capsid assembly and infec- 
tion (30). Since the crystal structure of AAV was still unavail- 
able, the functional domains of the AAV capsid proteins were 
mostly predicted based on information derived from other 
related autonomous parvoviruses, canine parvovirus (CPV), 
feline panleukopenia virus, and B19, whose crystal structures 
were available (1. 2, 44), 41). Sequence comparison of AAV to 
these viruses revealed a few conserved functional domains (9, 
10), but the exact functions of these domains were not clear. 

While certain groups of ceils cannot be transduced by AAV 
(22, 27), AAV can transduce a wide variety of tissues, including 
brain, muscle, liver, lung, vascular endothelial, and hematopoi- 
etic cells (12-14, 16, 21, 45, 48). Recently, Sumrnerford and 
Samulsld (37) reported that heparan sulfate proteoglycan Is 
the primary cellular receptor for AAV, and their group further 
revealed that the binding site lies within VP3 (30). In addition, 
human fibroblast growth factor receptor 1 and <v£ 5 iniegrin 
were Identified as coreceptors for AAV (23, 36). Attempts to 
alter the AAV capsid also have been made in order to expand 
the troptsm of AAV. Yang ct al. (47) showed improved infeo 
trvity of hematopoietic progenitor cells by generating a chi- 
meric recombinant AAV (rAAV) having the single-chain an- 
tibody against human CD 34 protein. Girod et aL (15) showed 
that insertion of the L14 epitope into the capsid coding region 
can expand the troplsm of this virus to cells nonpetmissrve for 
AAV infection that bear the L14 receptor. However, in both 
cases die normal AAV troptsm was not disrupted. Ideally, for 
tbe purpose of retargeting, the normal AAV receptor binding 
would need to be modified so that rAAV infects only targets 
bearing the receptors for tbe engineered epitope. 

In this study, we used site-directed mutagenesis to mutate 
the capsid ORF. Initially, 48 alanine scanning mutations were 
made In which two to rive charged amino adds in the AAV 
capsid ORF were mutated to alanine residues by Bite-directed 
mutagenesis. We reasoned that since the mutations were an 
average of 15 to 20 amino acids (aa) apart and spanned the 
whole capsid gene, some of them would inevitably fall In or 
near the functional domains of AAV capsid. In addition, over 
40 substitution and insertion mutations were made in a search 
for regions that could tolerate insertions for the purpose of 
retargeting AAV vectors. By analyzing these mutants, we ob- 
tained a preliminary functional map of the AAV capsid pro- 
tein. Our results identified critical regions within the capsid 
that were potentially responsible for receptor binding, DNA 
packaging, capsid formation, and Infectivity. In addition, we 
identified sites that were suitable for epitope insertions that 
might be useful for targeted gene delivery- 

MATERIALS AND MOTHODS 

Cefl cut t&m Uyw-paBagp-number (passag* 27 to 38) HFK 293 cells (17) and 
HeLa ceils wore grown hi DutxxoA modified Vjqfln't nusdhim supplemented 
with 10% fetal calf senna. pculcUUo (100 U/mJji, and streptomycin (100 U/rol) at 
JTC and 5% CO r IB3 cufla we propagated as descried elsewhere (34). 

CcartnKlton of AAV eapikJ nnfmat ptetfaefds. Plasmid p1M45 (pteviotidy 
ailed pIM2<MS (23]) was used as the template far all rnorant constnietims. 
Mutagenesis was achieved by u*ing the Stratugcne site-directed mutagencsb Ut 
acc edin g to the supplier's manual. For cadi mutant, we designed two PCR 
primers which remained the seqtieoee of alanine n**a jt»Kon or nweitinn phn a 
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unique endonudease restriction site flunked by IS to 2ft homologous bp on each 
side of the so bscitution of bseruoo. The reariaiooihewu detuned to ricijiaie 
sabseoucot DNA sequencing of the mutants and for potcDtiii insertion of tags ox 
foreign cp hopes. Tbe PCR product! were digested with endonudease Dptil to 
eliminate the parental piasmid tempJste and were propagated mftdtrriehie coS 
XL-Btae (StraxagsneX Minlprep DNAs were extracted from autptatn-raistam 
cotonicB and were sexceaod by restriction endonudease digestion. Positive dones 
were sequenced in tbe capsid ORF region. The capsid ORF was then suhcloced 
hack into the pIM45 backbone wtth 5ma\ and 5pAI to elbninate background 
mutations. The same mom genesis stringy was used for peptide substitution and 
insertion mutant constructions. 

Production of rAAV parUdcs. To produce rAAV with mutant capsid proteins, 
we tranafocted 293 cells with three piasmidx ft) plM43, which supplied either 
wDd-type (wt) or muttm capsid proteins (23); (a) pXXn, which contained the 
adenorirus (Ad) helper genes (46); and (Hi) pTRUF5, which contains the green 
fiuoresoeot protein (jtfp) gene driven by the cytotncgalcviru* (CM V) promotcr 
and flanked by the AAV terminal repeat* (22> ra some experkneats, pTRUFS 
was substituted whh CBA-AT, a recombinant AaV plasmid that contains tbe 
human oJ<ajuUrypsui (bAAT) gone under the control of tbo CMV-0-ucua 
promoter. The plasmids were mixed at a 1:1:1 molar ratio. Plasmid DNAs cued 
for transfectioo were porifted by the Q1AGEN M&ri-prep alt according to the 
suppUer*i manual. 

The transfcaions were carried out aa foOows. 293 ceSi were split 12 the day' 
before the transaction so that they could reach 75% ccnflucocy the next day. 
Ten 13-cm-di timet er partes were tranrfeded at 37°C, axing cakxura phosphate aa 
described cbewhere (SIX ami incubated at 37°G Forty-eight hours after trans- 
feoUon, ccUswcre harvested by ceatrihapuioq at 1,(40 x g tor lOmin, the pcflcta 
were resuspended ta W rat nf rysts buffer (0.13 M NaO. SO raM Tr»-HO (pH 
AJJ), and viruses were released by freering and thawing three tunes. The crude 
rAAV tysatcs were treated with Bcoaooasc (pure grade; Nycomed Pbarma A/S) 
at a final coscemration of 50 U/ml at 37*C for 30 min. The crude [ysatea were 
clarified by cenrrtfugaricn at 3 > 7IJ0 x g for 20 min, and the supernatant wea 
subjected to further purification by tedixanol step gradient and heparan sulfate 
amnhy puriBcatton «s previously described (31). 

To determine whether any of the mutants were t emp er a ture sensitive, the 
tranafecdons were done in sis-well dishes as duplicates at 39.5 and 32*C Viruses 
were resuspended in 250 uJ of lysis buffer. All crude rAAV preparations were 
stored at -80"C until their the** were determined. 

Gel electrophoresis, Immueoeiottfaigy and hBBeunopi' ctl p ftat ioe. Crude or 
purified rAAV samples were analysed on sodium dodecyi sulfate (SDS)-109» 
pdyacrylamkle gets. Tbe samples were raised whh sample buffer and boiled at 
IQCTC for 5 mm before loading. For Irnrnunobtotting, toe proteins were trans- 
ferred to a Nilro-bond membrane at 4*Q and the membrane was probed whh 
monoclonal antibody (MAb) B1, directed against rhe capsid procein* (43). The 
capsid bauds were visualized by peimidase-coupled secondary anlfcodles using 
EC3- (enhanced chemSusnuieacence detection) (Amersbam) as suggested by the 
supplier. 

For immunopreczpi Latum , heparan column- purified i AAV samples were dV 
luted m 10 voiunics of NETN buffer (0.1 M Nad, I raM EDTA, 20 mM Trn-KO 
[pH 7JJ, 05% KoruVJet P-40) end mcubased overnight at 4TC in the presence of 
a MAb to (be hero agglutinin (HA) epitope conjugated to Sepharose beads 
(BAbCoX For a negative control. MAb AUl-conjugsted beads (BAbGo) were 
used. AU1 is a common ly used epitope, DTYRY1. After Incubatson, the samptea 
were cestrmiged for 5 min at 17,600 x g at 4"C The beads were washed three 
times wtth 1 ml or NKTTN for 10 tribe ct room temperature and resuspended In 
protein loading buffer. After ceotriAigatioo, tbe supernatant was precipitated 
with 15% trichloroacetic acid on ice Cor 1 b and cerurifuged far 43 min at 4°C, 
and the pehet was resuspended in loading bufier. The samples then were bofled 
in sample buffer sod analyzed by Western blotting with MAb Bl aa described 
above. 

Vires filers. Tbe infectious users of rAAV-comaining wt and mutant capnds 
were measured et two temperatures, 39.5 and 32*Q for the alanine scanning 
muiam* and at 37°C tor an other mutants by using the fluorescent cell assay, 
which detects expression of the jrf> gene. Tbis was dooc essentially aa described 
preriouaiy by Zolocekhin ct si. (31> Dricfly, 293 cc9s were seedod in a 96-wtQ 
dnh the day before mfecrion so that they would reach about 75% confluence the 
next day. Serial dauiioneof wt snd mutant rAAV-GFP crude preparations wen 
added to the cells in tbe presence of AdS at a multipl icily of brfectioo (MO!) of 
10. The celb: and viruses were incubated at 37^C (or 32* aad 39 3>C) for 4fi h, and 
the tttcri were determined by counting the number of green celts with the 
rhioicscencc nucroscope. Fur cadi mutant, the infect inn i were done twice and 
tbe average was taken. For mutants that contained a packaged C31A-AT gene. 
Infect Mry was me»urod by the hifecdons center assay on 293 cells as previously 
described (SI) and by eniymo-l inked iramunoscrbem essay (ELBA) measure- 
ment of hAAT secreted into culture media from infected celb as described 
elsewhere (34), 

To determine the rAAV physical particle titer, we used tbe A20 EUSA kit 
(American Research ltioproducts). The crude rAAV stocks were serially dihrted 
and incubztod with ihn A2D kn pixte. The readmgi chat fell into tbe linear range 
were taken, and the titers were read ou* the standard according to the manufnc 
hirer's mstruoions. The A20 antibody detects both full and empty parades (44). 

To determine the titer of rAAV physical partides that were foil (ie., contained 
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HO. 1. Distribution of alanine scanning and HA epitope insertion mutant*. Position* of the alanine teaming mutants (colored circles or squares) and the HA 
trjcrtirm miftut* (flagged drdea or square*) arc shown on a diagram of Ibo putative •ccaodary muditro of iho AAV capsid protein adapted from a comparison of 
parvovirus cantid sequences by Chapman and Russmann (9). Some important ammo add positions and mutant positions are iDiotratod by number* with short lines. 
Heavy orrowi rcpreiml putative £ stteers, and helices represent putative a helices. The five putative loop regkwi are numbered I to V. The color* of the cades indicate 
ihe picnotypea at the mutant* a* t' 



Claai 


Mutant(a) 


Color 


Pi unary phenotype 


Defect 


I 


mntl, mufl, *m&, twt9, marl 1. muflJ, ntulU, mufl ft, ntuf 17, mum, mmyi, 
mu/38» mtilAX amtM* mn/45 


Red 


Wild type 




2a 


must, tnuA, mutt, mv/7, mutt, mm 10, mur 12, mu/ 15, mut\8, mutX, muC4> 
muOe. mu*8; LI, LS. L7. VPH1. VF1, VPN2 


Blue 


Partially defective 




2b 


rmall, mu/39 


Light blue 


Partially defective 


Unstable capstd 


2c 


n*ar4I,L6 


Purple 


Partially detective 


Heparan binding negative 


3a 


muft&t mu/27, tnutlt, musM 


Green 


Temperature sensitive 




35) 




Purple 


Temperature sensitive 


Heparan binding negattve 


4a 




Brown 


Ncaun feci not 




4b 


inut\9. mwiZX J. my/24, mw*25, mutAX mui46\ m*47; VPN3> VPC 


Black 


Noninfectious 


No capsid made 


4c 




White 


Noninfectious 


Empty capsid •• 


4d 


«wrf40, W 


Purple 


Moe infect tecs 


Heparan binding negative 



' DNA), we used the quantitative ccertpedirve PCR (QOPCR) assay as desermed 
previously (51). The erode rAAV stocks (100 pJ) were digeated fust with DNaac 
I to eliminate contaminating unpackaged DNA in 50 mXi Trfs-Hd (pH 7 J)-l0 
mM MgClj for 1 b at 37"C and then Incubated with proteinase K. (Boehrmger) 
in 10 mM Tris HQ (pH &0HO mM EOTA-1% SDS for l b u 3T*C Viral DNA 
wan extracted twine in phenot<hbrofcinn and bnoe with cbforuforrn and then 
precipitated by ethauoL b the prosecco of glycogen (10%). The DNA was washed 
with ethanol dried, and dissolved tn 100 uJ of H*0, and I uJ of the viral DNA 
was used for QOPCR. Serial dilutions of the internal aiandard ptesmld DMA 
wnaadeteiion of OFP wen* included in the reaction, and the PCR product* we re 
separated by 2% agarose gel clearophorcdi. The d entitle* of Ihe target and 
competitor bands in each bine were measured using ZERO- Dacan image anatyxat 
system sofrwHre (version lU; Scanahnio) to determine the DNA concenuetten 
of the virus stock, 

• Heparan eshxan binding assay. The ability of mutants to bind to heparan 
sulfate was tested essentially as previously described (51). Crude rAAV prepa- 
rations containing wt or mutant capsnis wexc first subjected Co bdctanol gradient 
purification. The 40% layer was then collected and loaded onto a 1-ml pre equili- 
brated heparan column at room temperature (immobilized on ones-linked 4% 
beaded agarose; Sigma H-6508). The fV**hrougn rracttoo, wash (3 cohann 
volumei }, and 1 M NaG ebaate were ooUected, and exptivakat amounts of each 
sample were mbxd with SDS sample buffer and dectrophoruicd on SDS-poJv- 
acsytamide cchu The yield of capsid protein* in each fraction was monitored with 
MAb Bl by Western blotting and ECL detect tee. 

EM* Electron microscopy <EM) was done tn Ihe (CBR EM lab of the Una- 
versify of Honda, lodisanot gradient and heparan couimn-purincd wlur mutant 
CfP-rAAVa were desalted and eeeeentrated by using a Centriocm 10 fiber 



(Amiooo). About a 5-ui drop of the virus sample was spotted onto carbon -coated 
grids and left for 1 mm at room temperature. Gnxs fluid was drawn off, and the 
sample was unshed three times with phosphau>buScred saline; 5 pJ of 1 % urarr/1 
acetate was added fur 10 a, and the grid was dried at room temperature for 10 
trrin before viewing under EM. 

RESULTS 

Generation of AAV cnp&id rnutatfrms. We began our studies 
by using alanine scanning site-directed muiagenesis in ihe 
hope that some of the mutants would be temperature sensitive 
(11). The mutants were constructed in the noninfectious AAV 
plasmid, pIM45> which contains all of the AAV DNA sequence 
except the AAV terminal repeats. There arc approximately 60 
charged dusters in the AAV capsid gene. Some of the clusters 
are overlapping; in those cases, only one cluster was chosen. 
For the initial round of mutagenesis, 48 sites, named mm 1 
to mu/48, were targeted. These were spaced approximately 
equal fy over the capsid gene, with 12 mutants exclusively in 
VP1, 5 in VP2, and the rest in VP3 (Fig. 1). With the excep- 
tions noted below, in each cluster, all charged amino acids 
were converted to alanine. The mutations were created so that 
they also contained a restriction site at the site of mutation to 
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facilitate confirmation of the mutant sequence and subsequent 
insertion of foreign epitopes (Tabic 1). In addition, after se- 
quence comparison of AAV serotypes 1 to 6, several other 
positions were targeted. mu/28 and mu/35 were made at posi- 
tions where extra amino adds were found in AAV 4 by se- 
quence comparison withAAVZ mufSl was made by replacing 
TTT with AAA since TTT was not conserved among other 
AAV serotypes at aa 454. Finally, in rmt/29 and mu/31, only 
one Arg residue was changed to Ala, and in mix* 45 and mur4ft, 
only one Lys was changed to AJa. The positions of the alanine 
scanning mutants and the specific amino add substitutions are 
summarized in Table 1 and Fig. 1. 

Infectious titer assays reveal four general classes of mu- 
tants, To determine the effect of each mutation on viral infeo 
trvity, we used either wt pIM45 or a mutant pIM45 plasm id to 
complement the growth of pTRUFS. pTRUF5 is a recombi- 
nant AAV plasmid that contains xh&gfp gene under the control 
of a CMV enhancer-promoter (22). The resulting recombinant 
TRUF5 virus contained either wt or mutant capsid proteins 
and could be titered for inf activity by counting green fluores- 
cent cells in the presence of an AdS confection. We hud shown 
previously that the fluorescent cell assay produced titers within 
two- to threefold of ihuse obtained with a uunvciuiunal infec- 
tious. center assay (51). Initially, each mutant was grown and 
titered at cither 39.5 or 3TC to determine if any of the mutants 
were temperature sensitive. The experiments were done twice, 
and there was no significant variation in titer. On the basis of 
these titers, the mutants could be grouped into four classes 
(Pig. 2j Table 1). Class 1 contained mutants that have an in- 
fectious titer similar to the wt titer (less than 1 log difference; 
Cor example, mutl and mutl). Class 2 contained partially de- 
fective mutants with infectious titers 2 to 3 logs lower than the 
wt titer (for example* muti and mutS), Class 3 contained tem- 
perature-sensitive mutants; three of these (mufZS, mui21 t and 
muf33) were beat sensitive, and two {mutTS and mul35) were 
cold sensitive. Class 4 consisted of 12 noninfectious mutants, 
whose titers were more than 5 togs tower than the wt titer. 

Nenlnftedooi (class 4) mutants and temperntiiwsieositrwe 
(class 3) mutants were defective in packaging DNA or In form- 
ing stable virus particles. To determine the probable causes 
for the different defective mutants, we focused first on dass 3 
and 4 mutants. For convenience, we ignored the tact that the 
terarxTatuj^Bensrtive mutants had low infectfviry when grown 
at the partially restrictive temperature of 37*C (data not 
shown), and viral preparations for aD class 3 and 4 mutants 
were made at 3TC. To determine If these mutants were able 
to make capsids, we used the A20 ELISA. The A20 antibody 
recognizes only intact AAV particles (43) and is useful for 
determining the physical partide titer irrespective of whether 
the capsids contain DNA (18). Eight of sixteen mutants that 
were tested were negative by ELISA reading (Table 2), indi- 
cating that they were unable to make capsids or that the cap- 
sids were unstable even in crude lysate preparations. All of 
these were class 4 (noninfectious) mutants and were classified 
as dass 4b (Table 1; Fig. 1). 

QC-PCR assays also were performed on most of the dass 3 
and 4 mutants. The QC-PCR assay measures the titer of AAV 
particles that contain DNase-resistant rAAV genomes (Fig. 3). 
We have shown previously that it provides physical partide 
titers that are equivalent to those obtained by dot blot assay 
but has better sensitivity at low partide titers (51). As ex- 
pected, mutants that were negative for the synthesis of AAV 
particles by A20 ELISA were also negative by QC-PCR assay 
(Table 2; Fig. 3). Most of the remaining mutants, which were 
positive for A20 particles, were also positive for packaged viral 
DNA In the QC-PCR assay (Fig. 3; Table 2). This group of 
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noninfectious mutants (mu/22 and muGJ) were called class 4a 
(Tabic 1; Fig. 1). Their defect was not in packaging but rather 
In the binding, internalization, or uncoating steps of the viral 
entry process. One A20-positive mutant (mu/31) was an excep- 
tion in that it was A20 positive but DNA negative by QC-PCR 
assay. This meant that mu/31 formed intact virus particles that 
were empty. To confirm this, mufti was examined by EM (Fig. 
4), and it did indeed make empty particles. In contrast, the 
partially defective class 2 mutant, muf4, produced partides 
similar to wt particles, ma/31 was assigned to dass 4c (Fig. 1; 
Table 1). 

Some mutants are defectfre for binding the viral receptor. 
One potential cause for the reduced infectivity of class 2, 3, or 
4 mutants might be that they were unable to bind the viral cell 
surface receptor, the first step of the infectious cycle. Heparan 
sulfate proteoglycan has been identified as the primary cell 
surface receptor for AAV (37). To test whether these mutants 
could bind heparan, we developed a heparan column binding 
assay (Materials and Methods). Iodbanol-purified wt or mu- 
tant rAAVs were passed through a heparan agarose column, 
and the AAV capsid proteins in the starting material and the 
bound (etuate) and unbound (now through and wash) fractions 
were monitored by Western blotting using MAb Bl, which 
recognizes all three capsid proteins (Fig. 5; Table 3). As expect- 
ed, wt AAV had a high affinity for the heparan column, since 
little capsid protein was detected in the Oowthrongfa and wash 
fractions, and most of the capsid protein was detected in the 
etuate. The same was true of most of the mutants tested (Fig. 
5; Table 3). Two mutants, however, mu/35 and mu/41, bound 
poorly to heparan (Fig. 5). A third mutant, mw40. which is lo- 
cated about 20 aa away from mu/41, also, bound with reduced 
affinity (Fig. 5). This suggested that the primary defect in these 
mutants was their inability to bind to heparan sulfate proteo- 
glycan. We classified mu/35 as class 3b (temperature sensitive 
and heparan binding negative), muiAl as class 2c (partially de- 
fective and heparan binding negative), and mtaAO as class 4d 
(noninfectious and heparan binding negative) (Fig. 1; and Ta- 
ble 1). 

Three class 4b mutants, mu/20, mut25, and muf46\ could not 
be detected by Western analysis (Table 3). This was consistent 
with the fact that they made no capsid that was detectable with 
the A20 antibody (Table 2). Additionally, mw27, a tempera* 
ture-sen8frive mutant, and two class 2 mutants, mu/21 and 
mu/39, did not give any Western signal with MAb Bl (Fig. 5; 
Table 3). The heat-sensitive mutant, mn/27, was presumably 
unstable at the nonperrolssive temperature used for growing 
this vinos. mutZl and mu/3° were partially defective when as- 
sayed in crude extracts (Fig. 2). The fact that they could not be 
detected by capsid antibody after iodixanol centrirugation sug- 
gests that these capsids were also unstable during purification. 
These mutants were assigned to class 2b on the basis of their 
capsid instability (Table 1; Fig. 1). The rest of the mutants in 
dass 2 that bind to heparan were classified as dass 2a, partially 
defective, and heparan binding positive (Tables 1 and 3; Fig. 
1). The nature of their defect was not dear but presumably was 
due to some step in the infectious process that occurs after 
viral attachment to the cell surface. 

Regions tolerating alanine substitutions do not tolerate 
ether kinds of substitutions. We wanted to determine whether 
the dass 1 mutants defined positions in the capsid genes that 
were truly nonessential for capsid function. To test this, we 
constructed a series of mutants in which either the serpin re- 
ceptor ligand, FVFU (50), or the FLAG antibody epitope, DY 
KDDDDKYK, was substituted for capsid sequences at many 
of the class 1 mutant positions (Table 4). A number of class 2 
and class 4 mutants were tried as well. The serpin substitution 
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TABLE 1 . Summary of all mutants 



Type* 



Amino acid petitions* 



mutV 
mufl 1 
rw& 
mut& 
mu& 
mut& 
mull 3 



mu/10 3 
ma/n a 
mu/12 1 
mw/13 2 
mutW 
mull? 
mut\t l 
mutlV 

mut\& 

mutl\* 
mu(22* 
mut23 4 
muOA 2 
muOS 2 
muQP 

mvG& 
mu09 l 
mvi3& 

nwQ& 

mu&P 

muOS 2 
mu&P 
mti*& 
mutii 2 
md42 2 
mU43 5 
mul44' 

mar*? 3 



LI 
12 
L3 
L4 
L5 
L6 
L7 

VPNl 

VP! 

VPN^ 

VPN3 

VPC 

rw/Uubserl 
m*x2subser2 
mw/3subscr3 
mt^9subser4 

mui Ifisufaaerft 
mu/l9subser7 



Ala sub 
Alaiab 
Ala sub 
Ala rob _ 
Ala sub 
Ala tub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala ins 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala Ins 
Ala sub 
Ala sub 
Ah sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
Ala sub 
AU sub 

HA ins 

HA ins 

HA ms 

HA ins 

HA ins 

HA mi 

HA ins 

HA, AU ins 

HA ins, Ser sub 

HA, Ser ms 

HA, Ser ins 

HA, Ser, AU, His ins 

Ser sub 
Ser sub 
Ser sub 
Ser sub 
Ser sub 
Ser sub 
Ser sub 



9*13 DWLED-AWLAA 
24-2S KLKPO-ALAPG 
33-37 KPMER-APAAA 
39-43 KDDSR-AAASA 

63- 67 EPVNE-APVNA 
67-71 EADAA-AAAAA 
74-78 EHDKA-AHAAA 
76-80 DXAYD-AAAYA 

64- 68 DSGDN-ASGAN 
95-99 HADAE-AAAAA 
102-107 ERLKED-AALAAA 
122-126 KKRVL-AAAVL 
142-146 KKRPV-AAAPV 
152-156 EPDSS-APASS 
16&-172 RKRLN-AAALN 
178-182 GDADS-OAAAS 
180-184 DSVPD-ASVPA 
216-220 EOADO-AOAAO 
225-232 WHCDS-WACAS 
235-239 MODRV-MOAAV 
234-258 N HLYK.-NALY A 
263-272 NONHY-NANAY 
285-289 NRFHCNAFAC 
291-295 FSPRD-FSPAA 
307-311 RPKRL-APAAL 
320-324 VKEVT-VAAVT 
344-348 TDSEY-TASAY 
384-385 AAA 

389 R-A 

41S-419 FEDVP-PAAVP 
432 R-A 

454-456 TTT-AAA 
469-472 D1RD-A1AA 
490-494 KTSAD-ATSAA 
509 A AAA 

513-517 RDSLV-AASLV 
527-532 HDD EEtC-AAAAA 
547-551 SEKTN-SAATN 
553-557 DIEKV-AIAAV 
561-565 DEEEI-AAAAI 
585-588 RONR-AGAA 
607-611 QDRDV-QAAAV 
624-628 TDOHP-TAOAF 
637-641 FCLKH-PGLAA 
665 K-A 

681-683 EIE-AAA 
689-693 ENSKR-ASSAA 
706 K-A 

266 
328 
447 
522 
553 
591 
664 
1 

34 
138 
203 
735 

10 

24 

34 

84 

150 

178 

224 



I 
1 
1 

2a 
2a 
2a 
2a 
2a 
1 

2a 
1 

2a 

1 

1 

2a 

1 

1 

2a 
4b 
4b 
2b 
4a 
4b 
4b 
4b 
3a 
3a 
3a 
I 

2a 
4c 
I 

3a 
2a 
3b 
2a 
4a 
I 

2b 

4d 

2c 

4b 

I 

1 

4b 
4b 
2a 

2a 
4a 
2a 
id 
4a 
2c 
2a 
2a 
2a 
2a 
4b 
4b 

4a 
4a 
2a 
4a 



wt 

wt, surface 
pd, hep 4 " 
pd, hep 4, 
pd t hep 4 * 
pd,hep* 
pd, hep* 
wt 

. pd. hep* 
»t 

pd.bep* 

wt 

wt 

pd, hep* 

wt 

wt 

pd, hep* 

nl, no capsid 

al, no capsid 

pd, unstable capsid 

nt, full particle 

ni, no capsid 

ni, no capsid 

nl» no capsid 

hs 

bs 



pd, hep* 

nl, empty particle 

wt 

hs 

pd, hep* 

cs, hep", surface 

pd, hep* 

ni, full partide 

wt 

pd. unstable capsid 

nl, hep", Ail) partide, surface 

pd, hep', surface 

nl, no capsid 

wt 

wt 

wt 

nl, no capsid 
ni, no capsid 
pd, hep* 

pd, A20", A20 epitope", surface 

ni, A20\ surface 

pd, hep*, surface 

nl, hep", surface 

ni, A20* t surface 

pd, hep", surface 

pd, hep*, surface 

pd, hep", surface 

pd, hep*, surface 

pd, hep*, surface 

ni, no capsid 

ni, no capsid 

ni, A20* 
ni, A20* 
pd, hep* 
ni, A20* 
Hi, A20* 
ni, no capsid 
ni, no capsid 



Continued on following page 
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TABLE 1— Continued 



Mutant* 


Type» 


Amino acid pant ions* 


Class 


Pheotrtype*" 




Ser sub 


454 


4b 


si, no capsid 


unw37fuh8Ci9 


Ser sub 


526 


4b 


ni, no capsid 


mu/3$subsey)0 


Ser sub 


553 


4b 


ni, no capsid 


rniiriOsubserU 


Ser sub 


562 


4b 


ni, no capsid 


muMHubserU 


Ser sub 


590 


4b 


ni, no capsid 




Ser ftufo 


fitt 


4b 


ni, no capsid 


m*x43sub*exl4 


Ser sub 


664 


4b 


ni, no capsid 


mu!A6sjbxilS 


Ser sub 


682 


4b 


ni, no capsid 


nttf/4subflg2 


FLAG sub 


39 


4a 


ni, A2(T 


mjitSsuhBgJ 


FLAG sub 


76 


4a 


ni,A20- 


mWl6subflg4 


FLAG sub 


178 


4a 


ni, A2(T 


mur32EubflgS 


FLAG sub 


454 


4a 


ni, A20* 


mux37£ub9g6 


FLAG tub 


226 


4a 


ni, A20* 


midCfiiubai? 


FLAG sub 


547 


4a 


m\A20* 


murtOsubflsS 


FLAG sub 


562 


4b 


ni, no capsid 


mui44subaa^ 


FLAG sub 


638 


4b 


ni, no capsid 


mt<f45snbQglO 


FLAG sub 


664 


4b 


nl, no capsid 


murt&ubflgll 


FLAG sub 


682 


4b 


ni, no capsid 



"Superscripts I to 4 indicate that a restriction site was Introduced as a result of the alanine substitution nutation: 1, /VM; 3, £og!; 3, Hpa\\ 4, Mbtl, 

* Ala sub, alanine substtutton mutant: AJa ms, string of alanine residues maenad after the mdJcaied amino add; HA, AU, His, or Ser ins, insertion of the HA, AU, 
He, or Ser epitope enmodiateb after the indicated amino acid of wt cap; Sci or FLAG rub, sabrtitminn of tbo Ser or FLAG cpUopo for the wt AAV capsid sequence 
bcgJnnma Immediately after the Indicated AAV amino add residue. Amino add tap: HA, YPYDVPDYA; AU, DTYRYt; HrS, HHHHHH; Set, FVFUj FLAG, 
DYKDDOOK. 

* pd, partially defective fox bifcctmty, brtwocn I to 3 togi lower than wt; cm and da, cuxJ leeahiwo and beat sensitive, rr*pocthrc<fy; ni, noninfocticoa, 5 togs lower than 
wt; bep* mutant bound to a heparan column; hep" , mutant did not bind to heparan sulfate; no capsid, mutant was A20 ELtSA negative and MAb Bl negative; A20 4 ", 
mutant could be detected with A20 antibody; surface, position was present on die surface of the capsfcL 

* The lerpin msertioa la VFN2 was KFNKPFVFLL 



(5 aa) was the same size as the largest alanine substitutions. 
The FLAG epitope is highly charged, as were many of the 
substituted sequences. As expected, substitutions at class 2 
(partially defective) or class 4 (nonviable) positions did not 
produce infectious virus (Table 4). Surprisingly, although many 
of the class 1 serpin or FLAG substitutions produced some 
physical particles detectable with the A20 antibody, only one of 
the substitution a, serpin at aa 34 (the mta3 position), produced 
Infectious virus particles in substantial yield (Table 4). Most 



infectious titers were reduced by 5 logs or more, and particle 
titers (as judged by A20 ELBA) were reduced or undetectable 
aa welL Thus, although modification of charged residues m 
class 1 mutants to alanine was permissible, these regions of the 
capsid wore nevertheless essential for capsid formation and 
were sensitive to other kinds of substitutions. 

Putative loop regions and the N-terminal regions of VPI and 
VP2 are able to accept Insertions of foreign epitopes. We also 
chose several other sites for insertion of foreign sequences. For 
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FIG. 2. 1 pica too s then of virus stocks onntflinlng wt and mutant capsid proteins. The GPP fluorescent ceO assay was used to titer virus stocks of wt and mutant 
virus stocks containing the pTRUFS genome. 293 ceils were transfected with wt or mutact pfM45 complementing plasm id b the presence of pTRUFJ and pXXo at 
39 JS and 32*C Cdb were collected 4H b posirransteetion and then frozen and thawed three times. The crude rysate was used to infect 2*3 cells at 395 and 32*C with 
ArJS (MOl ™ 10). The log value of the average infectious titer (n factious purtidcVmilliiilnr) thai was obtained from two independent experiments b shown, There was 
oo significant difference between experiments. The distribution of lautaatB unique to VPI, VP2, or VP3 & shown at the top. Asterisks indicate tcmpcraturo-soiiitcvc 
rcutontx; oooinfectious mutants are indicated by check marks. 
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TABLE Z Determination of physical particle titer and 
DNA-corrtalning particle thcr of doss 2 and 3 ouUnU 



Ccmtnm- A20EUSA* OC-PCR* 



plM45 (wt) 




+++ 


mn/19 












mui72 


+ + 


♦+ 


mui73 






mu/24 






m*/25 






ma/26 (hs) 


ND- 


ND 


rwir27 (hi) 




ND 


mtf/28 (ca) 


+ 


ND 


mu/31 


++ 




««/33(hs) 


+ + 


+ 


mtid3(©3) 


++ 


4- + 


muOl 


+ + 


+ 


mutAO 


++ 




mut42 






muiAe 




ND 


mu/47 




ND 



•hs, heal sensitive; cs, cold sensitive. 

* >i0° pmkks/tal; >10" partldeVa* »0 J0 psotttevml: 
<10* perrkdas/hri, which vn the limit erf detection by A20 EUSA. 

'4 + >10" biD naitidca/ml; ++. >l0 m futt penidet/ol; +. >10* ftAl 
partides/m}^ ~, <10* full pwllda/tnJ. 

- ND, not dons. 



these mutants, we chose to insert the less charged HA epitope, 
YPVDVPDYA. The target positions for insertion were the 
N-terminal regions of the three capsid proteins, VPI, VP2, and 
VP3, the C terminus of the cap ORF and seven positions 
(mutants LI to L7) that were believed to be in loop regions of 
the capsid protein based on an alignment of the AAV capsid 
sequence to that of CPV (9). Since these sites were suspected 
to be on the surface of the capsid. Insertions at these sites 
might not affect capsid assembly or stability (Fig. 1). Mutations 
in the loop regions had been targeted successfully before by 
Girod et al (15). who were able to Insert the L14 Hgand at aa 
587 without significant loss in infect ivity. 

Insertions at the N termini of VP1 (VPN1) and VPS (VPN3) 
and the C terminus of the cap ORF (VPC) were not well 



tolerated (Table 5). To eliminate the possibility that the defect 
in these mutants was due to tho HA tag* other tags such as AU, 
His, and Myc were also inserted at the N termini of VP1 and 
VP3 and the C terminus of cap, and they also were not toler- 
ated at those positions (Table 1 and data not shown). Inser- 
tions at three of the putative loop regions were also not viable 

Sable 5, mutants L2, L4, and L5). Mutants L4 (aa 522) and L5 
i 553) were interesting in that they produced a significant 
yield of physical particles that were not infectious. 

However, HA insertions were well tolerated at aa 34 within 
the N-terminal region of VPi, at the N terminus of VP2, and 
within three of the putative loop regions, loop I (mutant LI), 
loop IV (mutants L3 and L5), and loop V (mutant IT) (Table 
5; Rg. 1). 

Some HA Insertion positions ere on the capsid surface. To 
determine whether the HA insertion mutants contained the 
HA sequence exposed on the surface of the capsid, we used 
batch mimunoprecipitatton with HA MAb-conju gated beads. 
In each case virus was purified by iodixanol density ccntrifu- 
gation and heparan column chromatography to remove any 
soluble capsid protein that might be present in crude viral 
preparations. As expected, insertion of the HA tag at the N 
terminus of VT2 (mutant VPN 2) produced a slight increase in 
the molecular weight of VP2 and VPI compared to wt protein, 
pIM45 (Fig. 6A, Bl mAb). Western blotting with the HA MAb 
confirmed that the HA tag was present in both VPI and VP2 
(Fig. 6A, HA mAb). In the case of the VPI mutant (HA 
insertion at aa 34 in VPI), only VPI had a higher molecular 
weight and only VP! contained the HA tag (Fig. 6A), as ex- 
pected. When the viable insertions. VPN 2 (HA insertion at the 
N terminus of VP2) and VPI (insertion at aa 34), were treated 
with HA MAb-oonjugated beads, substantial amounts of both 
viruses were precipitated (Fig. 6B, HA mAb). This demon- 
strated that in both cases the HA epitope was on the surface of 
the virus particle and accessible to tho antibody. Control wt 
virus particles (Fig. 6B, plM43), were not precipitated with HA 
MAb to any significant extent. The amount of virus in the 
starting material was monitored by Western blotting with Bl or 
HA MAb. 

The putative loop HA insertion mutants, LI to L7, were also 
incubated with HA MAb-oonjugated beads. Although the in- 
sertions in some of these mutants produced noninfectious vi- 





no. 3. QC-PCR of wt and mutant virus crocks to determine the DNA-contatning particle iters. Grade viruses wore treated wits DNasc to digest uapackaged 
DMA and then treated wkb proteinase K to release the part aged DNA The virul DNA wts extracted with phenol- chlorctortn, prccrpHattd wtth ethano]. and dissolved 
in water. Equal amounts of viral DNA were incubated with (from toft to right in each panel) 100 rg. 1 pg, JO pg, 100 pg. 1 ng, or none of the pTRUF5 ptasmid DNA 
containing a deletion in tho gfp gcoo and amplified by PCR. The POt product* were separated oo 2ft agarose gob and viewed by cthklium bromide staining. The 
aiTingcmcat of lanes to each pajsdfetto 1:10, and 1:100) are also shown (top left three panels}. Molecular 

maAen *ere Inrfuded io the left tane of the top left pinel. 
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PIG. 4. EM analysis of wt (A) and mutant (muU [B] and mutlX (C]) tAAVs. 
Tho vinuc* ware putffled by kxliianol nop gradient centiifugation and heparan 
cnhimn chromatography as described elsewhere (51), cOPeentrated In a Centrf- 
oon 10. and negatively st anted with 1% uranyi acetate. Bar - 40 nn. Although 
die iadixanol atep gradient might be expected to remove empty particles, tbcie 
particle* apparently accumulate at the 25 to 40% uitcrtacc, and a significant 
fraction are recovered during this purification step. 



rus, they all produced sufficient A20 antibody-posit fvc virus 
particles to test for the presence of the HA tag on the surface 
of the cfipsid. When this was done, all of the L»series insertions 
were shown to he in the immunopreripitate (bound fraction) 
compared to the wt (pIM45) control (Fig. 7A). This demon- 
strated that each of these insertions at putative loop sites 
resulted In the HA epitope being on the surface of the capsid. 

We also checked whether these loop insertions affected 
heparan binding of the mutant capsids. Interestingly, two loop 



plM4S 



T FW H T 



rout to 

TUT 



mut33 



mutse 



If T FW E T F W E 

VM 




FIG. 5. Hepctan blading properties of mutant viruses, todbonoi gradient- 
puriSed vims stocks were loaded onto a heparan ortumn, BqinVMetu vofcme* of 
the starting, 40% iodiianul material <T% Ocwthmugh (F% at ash (W), and elmed 
(E) fractions were separated on SDS-10% tcrylimkie gets and Western blotted 
with MAb BI. In some cases, the tovthrongh and wash fractions wens pooled 
(FW) and I 



TABLE 3. Heparan column binding properties of 
class 2. X and 4 mutants" 



Con cruet 


Heparan binding 


Construct 


Heparan binding 


pIM45 




mutZJ 


0 


mulA 




mut2H 




mint 


+ 


mut3Q 


+ 


mutt 


+ 


mu&\ 




mufl 


+ 


mudl 


+ 


rma& 


+ 




+ 


muilO 




mu&4 


+ 


mail 


+ 


muOS 




muttt 


+ 


mu(36 




mart 3 


+ 


mutYl 


+ 


mu/14 


+ 


mta39 


0 


murl5 


+ 


mum 




rau/18 


+ 






mutZO 


0 


ma/43 


+■ 


mufll 


D 


murt6 


0 


mtfZl 


+ 


nwT48 


+ 


muOS 


0 







■ mutant virus bound to a heparan column with the same affinity as wt 
plM4S virus; vbus bound with at least a if 
d e tected by Western blocutg. 



a threetoW-lower affinity; Q, no protein 



insertion mutants, IA and L6\ were found to bind heparan 
columns with reduced affinity (Fig. 7B), which probably ac- 
counted for the lower infectivity of these mutants in the stan- 
dard fluorescent cell assay. The L4 and L6 insertions were 
near the heparan- bin ding-negative mutants mul7>5, mu/40, 



TABLE 4. Substitution of Strom or FLAG epitopes at capsid 
poslxions that tolerated alanine substitutions 
. _— 



MutSAt ; ; 

Infections Physaaal particle 


ma/ 1 subset 1 




+ 


*mir2subser2 




+ 


ifutr39ubser3 


1 log lower 


+ 


miw9subsct4 




+ 


mxtfl4sub«er5 




■ + 


mut\ 6subser6 
roo/19subaer7 






raur32subaer8 






mtfi37subscr9 






nuz39subscrl0 






rou/40sub«crU 
m^4]subscxl2 






ma/44 subset 13 






raw45subserl4 






rauJ46subserl5 






mitMcubflgZ 






ntur8subflg3 




+ 


mu/16subflg4 




+ 


m^32subflg5 




+ 


mu^37subflgp 






rwr38subflg7 




+ 


ratf/40subflg8 
nuM4robHg9 






ma/45 BubflglO 






mw46Bnbfloll 







* Either a serpin peptide sequence or me FLAG sequence was substitulcd fat 
the AAV capsid sequence at the positions used previously for alanine scanning 
mutagens vs (Fig 2). Infectious titers were oetenmaed by GYV ftuoreNceol adi 
assay. infectious virus could not be detected Physical partidc tilers were 
judged by A20 EUSA. +, partkbs were detectable; part idea were not 
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TABLE 5. HA insertion mutants 



Mutant 


Position 


Infectious* 


Tier 

FfeysJcal panicle* 


U 


u266 


+ + 




u 


aa 328 






u 


an 447 


++ 


+ + 


L4 


aa 522 






L5 


aa 553 






U> 


an 591 


+ + 


+ + 


L7 


aa664 






VPN1 


aa 1 


+ 




VP1 


aaM 






VPN2 


aa U8 


+++ 


+ + + 


VPN3 
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and mu/41 (Fig. 1). All five of these heparar>Wnding-negative 
mutants were located between aa 509 and 591, suggesting that 
this region within the AAV capsid constitutes the heparan 
binding domain of the capsid protein. 

Changing the troptsm of AAV. To determine whether we 
could change the tropism of rAAV by insetting a novel recep- 
tor Hgand into the capsid, we constructed two mutant plasmids 
that contained a serpin receptor ligand. In one case the serpin 
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FIG. 6. hnsntmopieetoilalioo analysis of VF1 and VPN3 HA insertion mu- 
tants io determine the axesfrfrty or the HA cp'tapo. (A) Wcttem Wot diudysis 
of todnanui c/adienC-puiified viruses with cither B1 (toft) or HA (rfehx) MAb. 
(B) lodoanoJ gradient and heparan column-purified viruses were prcdpUated 
with HA antibody coupled to agarose beads. The bound virus (Anfi-HA mAh 
lanes) «li etated whh SDS sample buffer and detected by Western blotting usitg 
MAb Bl. For comparison, virus thai had not been treated with HA MAb (Total 
sampb} ww sfco Western blotted wfch the Bl antibody. 



FIG. 7. Properties of HA msanran mutants. (A) Imnmooprednhatkm of HA 
loop insertion mutants to determine whether HA b exposed on the capsid 
sar£ace. lodlxanol gradient and heparan cohuruvpurined viruses were incuhsted 
with HA MAb be nit as described for Fig. 6. The antibody bound (B) snd 
unbound (UB) fractions were separated on SOS-10% gels and detected by 
Western blotting wftb MAh Bl. As a negative control, AU MAb was used in tho 
pane) marked AU- The plM4$ panel contained recombinant virus made wftb tfeo 
wt helper plasmfcL (B) Heparan Medina, properties of wt and HA loop Insertion 
mutant*. The virus samples were treated as described tor Fig, 5. Virus to tho 
starting material (T), flowthrough (FX wash (W), combined flowthrough and 
wash (FW), oreluato (B) was detected by Western Hotting with MAb Bl. pIM45 
b virus with wt cnsxL 



ligand FVFU (50) was substituted for the AAV capsid se- 
quence immediately after aa 34. In the second mutant an 
expanded serpin receptor ligand, KPNKPFVFLI (50), was in- 
serted at the N terminus of VP2, aa 138 (Table 1). The mutant 
capsid plasmids wet e then used to package CBA-AT, an rAAV 
genome that contained the hAAT gene under the control of a 
hybrid CMV-0-actin promoter. As seen with the HA insertion 
mutant* described above* the serpin mutant* produced rAAV 
viral titers that were slightly (sixfold) lower in infectivity when 
titered by the infectious center assay on 293 cells (data not 
shown). However, when equal amounts of wt or mutant virus 
(as determined on 293 cells) were infected into IB3 cells, both 
mutant viruses showed substantially higher infectivity than wt 
(Fig. 8). The VP2 serptn insertion was 15-fold more infectious, 
and the VP1 substitution mutant was approximately 62-fold 
more active. This suggested that IB3 celts, a lung epithelial cell 
line believed to express the serpin receptor, were a much better 
target for the serp in-tagged chimeric rAAVs than wt and that 
the tropism of the mutant rAAVs had been changed. Because 
both mutants retained the wt heparan binding region, we also 
infected IB3 celb in the presence ot heparan sulfate to see if 
they continued to use heparan sulfate proteoglycan for viral 
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+KS «MS +HS 

FIG. 8. Infection of IBS osUs with wt and mutant viruses containing a serpin 
UgvU tnserrJna. IB3 odb (1.5 X 10 s per 15-nrm weB)werc infected with AdS for 
60 rain ai en MOI of 10 and wuhed twice with medium. The cells than were 
Infected foe 60 rain at aa MOI of 400 with rAAV containing a genome that 
expressed the hAAT gene under the control of a CMV^acrin bj*>rid promoter. 
Following infection, the cc! to were wasted with uct&im and Incubated at 37X1 
At 72 h postinfection, nxdruzn samples were taken to determine the AAT 
concentration by EU&A. AJJ expertrneras were done In trtpMcam, and the aver- 
age far each experiment is shown. WT indicates that rAAV containing awl AAV 
captid (grown by complementation with pIM4S) was asccL VP] virus was grown 
by complementation with a mutant pfawraid containing the ssrpte ligand se- 
quence (FVFU) substituted for the AAV capsid sequence after sa 34 of the cap 
ORF. V?l virus contained a serpia bwrtion (KFNKPFVFU) at the N tormlaus 
o!VP2,sal38af the cap ORF. In the +HS samples, tAAV Injection was done 
to the presence of lohibie heparan sulfite at a osncencrattoo of 2 mg/rrd. 



entry. When this was done, both wt and mutant infectivJty 
dropped to barely detectable levels (Fig. 8). Taken together, 
these findings suggested that the serp in-tagged viruses contin- 
ued to use heparan sulfate proteoglycan as the primary recep- 
tor and were using an alternative co receptor, presumably the 
scrpin receptor. 

DISCUSSION 

In this study we describe the phenotypes of 93 AAV2 capsid 
mutants at 59 different positions within the capsid ORF. Sev- 
eral classes of mutants were analyzed, including epitope tag or 
peptide ligand insertion mutants, alanine scanning mutants, 
and epitope substitution mutants. From this, we could identify 
some eight separate phenotypes (Fig. 1; Table \\ 

Xotdnfiectiosji mutants. The bulk of the mutants that were 
noninfectious either were unable to assemble capsids or the 
capsids were unstable. These mutants (class 4b) were located 
predominantly but not exclusively in what arc likely to be 
3-strand structures in the capsid proteins (Fig. I). Two of these 
mutants were Insertions at the N- and C- terminal residues of 
VP3, suggesting that both ends of VP3 play a role that Is 
important for capsid assembly or stability. We note that Ruff- 
ing et aL (32) have previously characterized deletions of the C 
terminus of the capsid ORF, and these deletions also were 
noninfectious. 

One noninfectious mutant, mn/31, produced viable capsids 
that were empty. This mutant, which consists of a single amino 
acid substitution (R432A), was apparently defective in pack- 
aging viral DNA and is located in putative loop IV (Fig. 1). It 
is not dear what the mechanism of viral DNA packaging is. 
Ruffing et aL (33) demonstrated that empty capsids could as- 
semble in the absence of viral DNA. Some studies have sug- 
gested that packaging is an active process that requires inter- 
action of Rep proteins with capsid proteins (42) or possibly is 
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coupled with DNA replication (49). Further studies with #7taf31 
may be helpful in understanding the mechanism of packaging. 

Most of the remaining noninfectious mutants (Fig. 1, class 
4a) were capable of assembling capsids and packaging DNA. 
These are likely to be defective m some aspect of viral entry or 
uncoating and will require further study to uncover the mech- 
anism of the defect 

Receptor binding mutants. Two of the noninfectious mu- 
tants, mn/ 40 and LA, were apparently noninfectious because 
they were unable to bind to heparan sulfate (Fig. 1, class 4d). 
Heparan sulfate proteoglycan is believed to be the primary cell 
surface receptor tor AAV (37). Three other mutants also were 
Identified as defective for binding heparan sulfate, two partially 
defective mutants (Fig. I, class 2c) and one temperature-sen- 
sitive mutant (dass 3b). Together, the five mutants were dis- 
tributed into two clusters In loop IV that were separated by 40 
a a. The first cluster spanned aa 509 to 520 (mu/35 and lAjr, the 
second was between aa S61 and 591 (mutAO, mtrf41, and L6). 
Mutants L4 and L6 consisted of HA epitope insertions into the 
two heparan binding clusters. These were found to be capable 
of being immunoprecipitated by HA MAb, confirming that 
these positions were on the surface of the capsid. We note also 
that CHrud et al. (15) reported that notation of the L14 epitope 
at aa 587, the position of our heparan-negarive mu*41 mutant, 
was capable of targeting the virus to the U4 receptor, thus 
confirming that this region is on the surface of the capsid. A 
heparan -negative insertion mutant also was reported by Rabi- 
nowltz et al (30) while this report was in preparation; It fell 
near the first cluster at aa 522. Taken together, analyses of 
these mutants suggest that the putative loop IV region contains 
two blocks of residues that are on the surface of the capsid and 
involved in heparan sulfate binding. 

A heparan binding motif which consists of a negatively 
charged amino add cluster of the type XBBBXXBX (where B 
is a basic amino acid and X is any amino acid) has been 
identified in several receptors and viruses (19a). Regions con- 
taming these clusters also appear to be sensitive to spacing 
changes. Although no heparan binding consensus motif of this 
kind was found in our heparan binding mutants, there were 
basic amino acids near these domains, mu/35, an insertion at aa 
509, was near basic amino acids K507 and H509. Interestingly, 
K507 a conserved in AAV1, -2, -3, -4, and -6 and in AAV5 is 
an R. H509 fs present only m AAV2 and -3. AAV1, -2, and -3 
are known to bind to heparan sulfate, while AAV4 and -5 do 
not Additionally, L4, an insertion at aa 520, was near basic 
amino acids H526 and K527, and LS, an insertion at aa 591, 
was near R585 and R588. H526 and K527 are conserved except 
for AAV4 and -5. while R585 and R588 are unique to AAV2. 
For all of these mutants, the insertions could have disrupted 
local conformation that hindered normal heparan binding. For 
mii/41, R-to-A substitutions at aa 585 and 588 might contribute 
directly to reduced heparan binding. Finally. mutAO did not 
affect either basic amino adds or spacing within the capsid 
protein. 

Capsid regions that are en the surface of the vims particle. 
In addition to the heparan binding dusters, several other re- 
gions were also present on the capsid surface. These include 
four of the five putative loop regions (mutants LI to L7), the 
N terminus of VP2 (mutant VPN2), and a region within the N 
terminus of VP1 at amino acid 34 (mutant VP1). HA epitope 
insertions at these positions were all capable of being immu- 
noprecipitated with anti-HA antibody (Fig. 6 and 7). We note 
that the U insertion mutant at aa 266 had the peculiar phe- 
notype of being partially viable (Table 1) but was not detect- 
able with the A20 MAb, an antibody that recognizes a confor- 
mational epitope that is present only in intact viral particles. A 
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* FIG. 9. Ribbon diagrams of a diner of tbe AAV VP3 node) built based oo structural alignments with tbe VP2 capsid protein of CFV. The view b down an 
icosahedral twofold axk The mads of the a-bairel motif ate colored blue, and the portion of VP3 to green Indicates the heparan binding region. The rest of VP3 
is depicted fei red. The blue bafi identifies the location of residue R432 mutated to an alanine hi muz31. The gray halb ktsmifj the location of residues 266, 477. 591, 
and 664 (which had HA insertions to mutants U. U. Lo» and L7, respectively). Tbo tage triangle indicates an Icosahedral asymmetric unit. 



nearby capsid-forming mutant made by Girod et al (15) at aa 
261 was also negative for A20 antibody binding. This suggests 
that at least part of the epitope for the A20 MAb consists of 
amino acids between 26J and 266 and confirms that this region 
is on the surface of the intact particle. 

Of the positions identified as being on tbe surface of the 
capsid. we found six that potentially are capable of accepting 
foreign epitope or ligand insertions for retargeting the viral 
capsid to alternative receptors. These are the N-terminal re- 
gion of VP1 (near aa 34), tbe N terminus of VP2 (aa 138), the 
loop I region (aa 266), the loop IV region (near aa 447 and 
591), and the loop V region (aa 664), All of these locations 



were capable of tolerating an HA (or serpin) insertion and 
produced recombinant virus titers that were within 1 to 2 logs 
of the wt value. Furthermore, HA epitope Insertions at these 
positions were capable of being imrnunoprecrpitated with aa- 
ti-HA antibody (Fig. 6 and 7). Two of these positions, when 
tested with a serpin ligand insertion or substitution, produced 
virus that was much more infectious on IB3 ceils than wt virus. 
Curiously, both serpin mutants were stilt inhibited by soluble 
heparan sulfate, suggesting that heparan sulfate proteoglycan 
was still the primary receptor for these mutants and that the 
serpin receptor was being used as an alternative corcceptor. It 
is conceivable that one or both of these capsid positrons is 
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Involved in binding to one or both of the proteins that normally 
act as co receptors tor wt virus, fibroblast growth factor (28), or 
tategrtn Ov0 5 (36). This would explain their partial defect on 
293 cells and the recovery of Infect fvity on IB3 cells. Further 
studies wuJ be needed to test this possibility. 

Mutants with unstable capslds and temperoture-seusJUv* 
phenotypes. Three mutants, mu/21, mn/27, and mut3% were 
found to have eapsids that were unstable when purified 
through an todbuinol gradient lodixanol is an iso-osmotk gra- 
dient purification method that appears to be gentler than CsCl 
centrtrugation (51). Thus, these mutants appear to bo partic- 
ularly sensitive to capsid denatu ration, mu/21 and mut27 are in 
putative p sheets, and mu/39 is in loop IV. It is worth noting 
that Rabtnowitz et al (30) also isolated an unstable capsid 
mutant at aa 247 that is near the mtall position, aa 254. mu/27 
is also one of five temperature-sensitive mutants isolated dur- 
ing this study. The temperature-sensitive mutants and the un- 
stable capsid mutants should prove useful in future studies for 
identifying steps in the capsid assembly or the infection process. 

Viable and partial^ defective mutants. Hie two largest 
classes of mutants isolated were either wt (dags 1) or partially 
defective (dass 2a) with no identiflable defect (Fig. 1). Both 
class 1 and class 2a mutants were distributed either in the VP1 
and VP2 unique regions or in the predicted loop regions of the 
capsid protein. We naively assumed that class 1 mutant posi- 
tions, which produced viable eapsids after substitution of two 
to five alanine residues, were regions that were nonessential 
for capsid assembly or stability and therefore should accom- 
modate other kinds of substitutions. However, when serptn or 
FLAG epitopes were substituted at many of these sites, most 
of the mutants were nonviable, with the exception of aa 34 in 
VP1. Indeed, many of these viruses were negative for capsid 
assembly and should also be useful for identifying possible 
intermediates in capsid assembly. 

Ruffing et al. (33) showed previously that VP1 and VP2 but 
not VP3 contained cud ear localization signals (NLS), and 
three putative NLS arc located in the VP1/VP2 region at aa 
121 to 125, 141 to 145, and 167 to 171. Hoque et al (19b) have 
shown that aa 167 to 172 were sufficient to target VP2 to the 
nucleus, although their experiments did not rule out possible 
redundancy with the other two putative NLS sequences. Alt 
three of these putative signals were targeted with alanine scan- 
ning mutants (nwtVL mu/13, and mutlS) in our study. Two of 
these mutant*, mut\1 and mutXS. were partially defective, and 
the inactivation of an NLS may be the reason for their pheno- 
type (19b, 33). We note that mutlS should have eliminated die 
NLS identified by Hoque and colleagues. The fact that mm IS 
was only partially detective suggests that there may be an al- 
ternative, redundant NLS sequences that arc used by the cap- 
sid proteins. The third mutant (mu/13) was classified as viable, 
but it abo showed a lower than wt titer (Fig. 1). 

Molecular computer graphics construction of an AAV model 
and structural localization of mutant resldaes. Because the 
AAV crystal structure is not available, the atomic coordinates 
of CPV VP2 (PDB accession no. 4DPV) were imcTactrvery 
mutated using the program O (20) to generate a homology- 
based model of the AAV capsid, using modifications of the 
alignments of the AAV major capsid protein (VP3) with the 
VP2 capsid protein of CPV (9, 15). The mutations were fol- 
lowed by refinement cons trained with standard geometry in the 
O database. The model provided a means for preliminary 
structural identification of the heparan receptor attachment 
sites in the surface depression (dimple) near the twofold ico* 
sahedrai axes of the capsid, surface loop regions which can 
tolerate foreign peptide sequence insertions, and a possible 
explanation for tho phono type of mu/31 (Fu> 9). 
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The topographic location of the putative heparan binding 
region is consistent with regions that have been suggested as 
being involved in host cellular factors) recognition and impli- 
cated in tissue tropism and in vivo pathogenicity tor other 
parvoviruses (3, 4, 24, 39). It is of interest that the putative 
heparan binding site is adjacent to a region of the AAV capsid 
that contains a peptide insert when the AAV VP3 sequence is 
compared to that of CPV VP2 and the VP2 of most of the 
other autonomous parvovirus sequences (9). Also a similar 
insertion of peptide sequences compared to CPV (although 
not m a homologous region of the VP2 to that observed in 
AAV) is present in the capsid of Aleutian mink disease par- 
vovirus and minute virus of mice, proximal to residues in the 
dimple depression which are implicated in tissue tropism (24). 
Thus, these insertions may be capsid surface adaptations that 
enable the eapsids to recognize different receptors during in- 
fection. In the case of AAV, its dimple peptide insertion, which 
is absent in the other parvoviruses, may enable it to recognize 
heparan sulfate, which has not been implicated in cellular 
infectivity by any other parvovirus. 

The model also dearly shows that regions of the capsid 
which tolerated the insertions of the HA epitope (Le., at res- 
idues 266, 447, 591, and 664) are on the surface loops present 
between the p strands of the ^-barrel motif (Fig. 9). The 
p-banel motif forms the core contiguous shell of parvovirus 
eapsids, while the surface loops make up the surface decora- 
tions, dictating the strain-specific biological properties of the 
members. The observation that these surface regions can tol- 
erate foreign peptide insertion is an indication that they are 
not involved in the interactions that govern capsid assembly. 

Finally, the model provides a possible explanation for the 
observation that muni (R432A) Is able to form only empty 
particles. In the unassembled VP3 monomer, the side chain of 
R432, points toward the interior of the capsid and would most 
likely be in contact with DNA If recognition and encapsula- 
tion of AAV DNA precede final capsid assembly and involve 
oJigomeric intermediates, then R432 contacts with DNA may 
be essential for initiating capsid assembly around a nascent 
DNA strand. 

In summary, we have reported a preliminary analysis of mu- 
tants at 59 positions within the AAV2 capsid ORF. We have 
identified regions in the capsid proteins that affect mfectjvity, 
capsid formation, capsid stability, DNA packaging, and recep- 
tor binding. These mutants should be valuable for defining the 
functional domains of AAV capsid proteins and for dissecting 
the molecular mechanism of viral entry. Additionally, we have 
denned a number of regions m the capsid gene at which foreign 
ligands can be inserted and have demonstrated that insertion 
of a foreign receptor ligand at some of these positions can 
change the tropism of the virus. This is the first step in the 
development of (he next generation of AAV vectors, which can 
be targeted to specific cellular receptors or tissue*. 
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